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ABSTRACT
STUDIES IN MOLECULAR RECOGNITION:
NON-PROTEOGENIC AMINO ACIDS FOR ANTIBIOTIC STUDIES AND
CHEMOSENSORS FOR RECOGNITION AND REPORTING OF METAL-IONS
by
Sarah Oehm

The University of Wisconsin – Milwaukee, May 2018
Under the Supervision of Professor Alan W. Schwabacher
The field of molecular recognition focuses on the selective and reversible binding of
small guest molecules to larger host molecules. This dissertation describes synthesis of small
molecules as binding guests for enzymatic substrates as well as molecules as host chemosensors
to detect and identify metal ions. Two approaches to new antibiotic drugs have been explored,
and an array of sensors for the quantitation of aqueous metals is being commercialized.
As strains of deadly bacteria emerge with evolved resistance to known antibiotics, new
drugs are needed with novel mechanisms of action. Natural product antibiotics containing
enduracididine, a non-canonical amino acid derived from arginine, have been found effective
against resistant organisms. Recently, the biosynthesis of enduracididine has been elucidated by
the Silvaggi group. Various derivatives of arginine are of interest as guest molecules for the Mpp
family of proteins. We have developed a particularly succinct route to γ-hydroxy-arginine, which
has also been used as a precursor to other oxidized arginine derivatives. Our route provides
quantities of arginine derivatives which have been synthesized via a four step route utilizing an
isoxazoline intermediate. The synthetic methods for formation and subsequent reduction of the
isoxazoline have been studied extensively; and this succinct and versatile synthesis yields either
γ-hydroxy-arginine or the keto acid derived from it by changing the conditions of the reduction.
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In another approach to developing new antibiotic treatment, we have pursued the
inhibition of the β-barrel assembly machine (BAM), through a small molecule scaffold that binds
β-sheets. BAMa is the only known β-barrel protein that spontaneously folds, while all others
require the help of BAMa. The β-barrel membrane proteins include efflux pumps, proteins for
active transport that allow bacterial survival by ejection of antibiotic drugs. Inhibition of BAMa
may itself prove bactericidal, or used in combination therapy increase efficacy of drugs rendered
previously ineffective due to acquired resistance.
We have also developed metal ion chemosensors for simulataneous identification and
quantitation of multiple metals. These are useful for monitoring metal ion concentrations in
industrial wastewater. Current limitations in measuring metal concentration in wastewater can
lead to increased costs and excess solid waste in order to meet compliance standards. Our goal is
a simple system to allow continuous, real-time measurement of multiple metals on site to
decrease over-treatment and detect spikes in pollutant metals. Utilizing UV/VIS absorption an
array of semi-selective sensors each with its own spectral response to metal ions allows
identification and concentration of pollutants to be determined. Toward this end, we have
prepared chemosensors, demonstrated their sensing ability, and covalently attached them to
transparent polymers and transparent supports in several ways that allow repeated use for metalion measurement. These dyes have been studied in solution and when covalently bound to
polymers. Dyes with complementary metal-selectivity allow for high information from a few
sensors; a model using three sensors has been demonstrated to simultaneously measure the
concentration of seven metals in solution.
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Chapter 1. Introduction
1.1 Molecular Recognition
Intermolecular forces such as hydrogen-bonding, Van der Waals forces, dipole-ion, and
π-π interactions contribute to the macroscopic physical properties of pure compounds and
influence the behaviors of compounds in mixtures. Large host molecules exhibit reversible and
selective binding of smaller guest molecules: the specificity and affinity for the binding event
depends on the intermolecular forces that contribute positively and negatively to the binding.
These factors influence the complexation equilibrium, (Figure 11) described by an association
constant, Ka, or dissociation constant, Kd, which can be measured by variety of instrumental and
titration methods.

Figure 1. Host Guest Complexation
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Intermolecular forces lead to recognition and binding events that create the chemical
basis for all biology. Non-covalent interactions of solvated molecules in aqueous media is
especially impressive. Increased favorability for complexation is achieved through rigid
scaffolds with pre-organized conformations to contribute to positive binding interactions for the
host and guest molecules. Selectivity effects can be steric, relying on the Van der Waals radius
of a substrate in size exclusion, or selectivity can be achieved through the electronic effects of
polar and ionic interactions. Molecular recognition in nature is selective and specific, such as
enzyme-substrate or antibody-antigen. Complex biological events can be understood and
modeled by mimicking biology with simpler synthetic systems and making small variations in
structure.
Molecular recognition has been studied in diverse systems. Host molecules, such as the
families of crown ethers, calixarenes, and cyclodextrins are well-known for their ability to
reversibly bind substrate guest molecules and offer a wide variety of applications ranging from
ion-recognition2 to more complex sensing3, including but not limited to catalysis4 and enzyme
mimetics.5 This dissertation describes the synthesis of small molecules for molecular recognition
to biological host proteins as well as metal-ion guests.
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Chapter 2. Antibiotic Studies: Lipid II Inhibition and Oxidized Derivatives of Arginine
2.1 Introduction to Lipid II Inhibition
The challenges in antibiotic research are many.6 The bacterial cell wall presents a
challenge for the diffusion of drugs into the cytoplasm, and in gram-negative bacteria a second
outer-membrane compounds this challenge. An electron micrograph of a thin section of the
bacterial cellular envelope7 (Figure 2) shows the inner membrane (Arrow 1), barely visible next
to the highly stained inner layers of the peptidoglycan cell wall (Arrow 2), which is surrounded
by the external membrane (Arrow 3) found in Gram-negative bacteria.

Figure 2. Electron Micrograph of a Gram-Negative Bacterium
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The cell wall is not found in mammals, making the cellular envelope an attractive target
for antimicrobial drugs. Ideal candidates for antibiotics target components of the outer membrane
and cell wall of bacteria, the peptidoglycan layer. These non-mammalian organelles are on the
cellular exterior and more readily accessed, without relying on active transport or diffusion into
the cell. As these molecular targets are specific to bacteria, little toxicological off-target effects
are expected in animals.
Commonly prescribed treatments target structures of the cell wall. Lipid II is the
monomer that makes up the peptidoglycan cell wall of bacteria (Figure 3). It is polymerized by a
DD-transpeptidase, commonly referred to penicillin-binding protein (PBP), as shown in Figure 4.
This transpeptidase catalyzes the condensation of lipid II monomers, by recognizing the acyl-Dalanyl-D-alanine sequence.8

Figure 3. Structure of Lipid II
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Figure 4. Lipid II units are connected by Penicillin Binding Protein to form the peptidoglycan
cell wall of bacteria.
Rosa, Nicolle A. Penicillin Binding Proteins. Digital image. Possible Substitute for Beta-lactam Antibiotics Through
the Exploration of Penicillin-binding Proteins. LinkedIn, 25 Aug. 2012. Web. 27 Feb. 2017.

The β-lactam antibiotics, penicillin and methicillin (Figure 5, left and right
respectively), contain a ring conformationally locked in a similar geometry to the D-ala-D-ala
binding mode, and bind covalently to the transpeptidase, inhibiting the organism’s ability to
repair the cell wall. As β-lactam antibiotics inhibit the crosslinking of lipid II,9 enzymes which
hydrolyze the cell wall are still active, leading to cell death.
Bacterial generation time is short and resistant individuals are able to survive, giving rise
to another challenge in antibiotic development: the race to develop drugs to compete with the
evolution of resistance. Resistance to penicillin G has evolved through hydrolysis of penicillins
by β-lactamases, however methicillin is resistant to these enzymes. In methicillin resistant
5

organisms, such as Methicillin-Resistant Staphylococcus aureus (MRSA), gene-modification of
PBP has been observed.9 Drug-resistant bacteria are a rising problem due to the increased use of
antibiotics and antiseptics, through use in livestock feed and over-prescription, leading to the
evolution of stronger microorganisms. MRSA infections are difficult to treat with currently
available drugs and an estimated 1.7 million healthcare-associated infections are responsible for
99,000 deaths annually in the US.10 There is a need for new antibiotics which function through
new mechanisms to which the organisms have not yet adapted a tolerance.

Figure 5. Penicillin G and Methicillin

Lipid II Inhibiting Natural Products
Vancomycin has emerged as a drug of a new class of glycopeptide antibiotics, and is the
leading treatment for MRSA. Vancomycin disrupts cell wall synthesis by binding directly to the
lipid II.11 The crystal structure of vancomycin in blue with the D-Ala-D-Ala terminus of lipid II
in green (Figure 6) shows how the pentapeptide tail of lipid II fits into the cavity of the cyclic
antibiotic.12 The cyclic structure of vancomycin pre-organizes five hydrogen-bonding
interactions (shown with dotted lines) between the hydroxyl groups of the host antibiotic and
carbonyls of the lipid II peptide backbone of the guest molecule resulting in high affinity
binding to the bacterial target.
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Figure 6. Vancomycin and its crystal structure bound with pentapeptide of lipid II

Despite favorable binding, modification by methylation and amidation of the amino acids
of lipid II has rendered vancomycin ineffective in highly resistant strains of Staphylococcus
aureus.13
A new class of lipid II-binding inhibitors has been identified.14 Enduracididinecontaining natural products: the cyclic lipopeptide enduracidin6,15,16 (Figure 7), cyclic
glycopeptide mannopeptimycin17–19 (Figure 8), and cyclic peptide teixobactin20,21 (Figure 9),
have been of recent interest.14 Due to their cyclic structure, they are similar to vancomycin in
their resistance to digestion by proteases and pre-organized in conformations with limited
rotational freedom resulting in good selectivity for binding their biological targets. These natural
products contain many non-proteogenic amino acids. We have focused on the synthesis and
biosynthesis of enduracididine (L-End) and its diasteromer L-allo-End, which are incorporated
into these antibiotics.
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Figure 7. Enduracidin

Figure 8. Mannopeptimycin
8

Figure 9. Teixobactin

Enduracididine is a cyclic guanidine-containing amino acid, analogous to
conformationally restricted arginine (Figure 10). The conformational restriction of the L-End
compared to L-Arg appears to enhance efficacy of the antibiotic activity. In studies with
teixobactin, substitution of L-allo-enduracididine with L-Arg raised the minimum inhibitory
concentration (MIC) of the drug by a factor of 8, from 0.2nM to 1.6nM,22 leading to the
hypothesis that the conformation of L-Arg is influential to activity, and the limited rotational
freedom of the guanidinium moiety in L-allo-End is influential to activity. Our efforts in
understanding these antibiotics is through the study of oxidized arginines involved in the
biosynthesis of enduracididine, with the long-term goal of a semi-biosynthetic route to novel
analogues of enduracididine.

Figure 10. L-Arginine and L-Enduracididine
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Synthesis of Diastereomeric L-Enduracididine
Synthesis of diastereomeric enduracididine was first reported by Tsuji in 197523 (Figure
11). Beginning from L-histidine methyl ester and using steps that include expensive precious
metal catalysis and harsh conditions, including hydrolysis by anhydrous hydrofluoric acid, LEnd and L-allo-End were prepared as a mixture in 18% yield over five steps.

Figure 11. Synthesis of Diastereomeric L-Enduracididine
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Synthesis of L-allo-Enduracididine
The stereoselective synthesis of L-allo-End (Figure 12) was reported by Craig in 2015.24
Beginning from a chiral precursor, (4R)-N-(tert-butoxycarbonyl)-4-hydroxyproline, undergoes a
ten-step synthesis to yield the trifluoroacetate salt of L-allo-End in roughly 31% overall yield.
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Figure 12. Synthesis of L-allo-Enduracididine
2.2 Enduracididine Biosynthesis
The MppPRQ gene cluster identified in the Mpp Pathway converts L-Arg to L-End
(Figure 13).16 The pathway is referred to as the Mpp Pathway, as these genes were first
discovered in the total biosynthesis of mannopeptimycin.18

Figure 13. Streptomyces wadayamensis MppPRQ Pathway

The first enzyme in the pathway, MppP, is the first known PLP enzyme to catalyze
hydroxylation as well as the more familiar PLP-enzyme function of converting an amino acid to
its ketoacid. Its conversion of L-Arg to its γ-hydroxy-keto acid is incomplete; a ratio of 1.7:1 of
the hydroxy-keto acid 1: keto acid 3 (Figure 14) has been measured.
Our mechanism (Figure 14) takes into account all of the experimental data currently
available.25 The first steps up to Q1 are common steps in PLP-dependent enzymes. The extreme
stability of Q1 in the absence of dioxygen (t1/2 of several hours) suggests the active site of
SwMppP is designed to stabilize this electron-rich intermediate until it encounters dioxygen. The
formation of the superoxide anion and subsequent H-abstraction steps at C3 and C4 (IV and V in
Figure 14) are speculative, and the same transformation could be accomplished in other ways, for
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example, with a hydroperoxy-PLP adduct at Cα. Hydrolysis at this point leads to formation of 3
after consumption of one molecule of dioxygen and producing one molecule of H2O2.
If water is effectively excluded from the catalytic center, loss of the first molecule of
peroxide leads to the second quinonoid intermediate (Q2), which after reacting with a second
molecule of dioxygen, leads to a species like the hydroperoxy speculated in VIII (Figure 14) that
can be displaced by water to give the fully oxidized product 1 and a second molecule of H2O2.
The colored boxes indicate the species that can be detected spectroscopically: I, internal
aldimine (415 nm); II, external aldimine (425 nm); Q1, first quinonoid intermediate (510 nm);
Q2, second quinonoid intermediate (560 nm). The species in grey boxes are not observed
directly. The branch leading to 3 is speculative. Nonenzymatic deamination would give 3, H2O2,
and ammonia as observed experimentally. The oxygen atoms in the branch leading to 1 originate
with H2O, and do not come from dioxygen.25 Pre-steady state kinetics studies are underway to
test the current hypothetical mechanism, and if possible, assign rate constants to the observable
steps. The γ-hydroxy-keto acid 1 goes on to react as the substrate for MppR which gives the
cyclized substrate for MppQ (Figure 13). Presumably, the cyclization occurs through olefin
intermediate shown in brackets. MppQ is a PLP enzyme catalyzing the transamination of keto
acid to amino acid.

13

Figure 14. MppP Mechanism
14

Our efforts have focused on understanding MppP and MppR and our studies require
significant amounts of γ-hydroxy arginine 2, which is commercially unavailable, necessitating
the synthesis of 2. Yoon’s synthesis of 226 (Figure 15), starts with iodolactonizition of Boc-allyl
glycine ($900/g Sigma-Aldrich) with good diastereomeric excess in one step. The iodide is
substituted with azide and reduced to amine which is then guanidinylated with 13C-containing
diBoc-thiourea for radiopharmaceutical studies. The lactone is hydrolyzed in base and
deprotected to yield 60mg 2 as its dicationic hydrochloride salt in 30% overall yield.

Figure 15. Yoon's Synthesis of γ-Hydroxy Arginine
Product 2 has been treated with L-amino acid oxidase (L-AAO) to give 1 by Robert
Hoppe in the Schwabacher Lab.27
The structure and function of MppP from Streptomyces wadayamensis (SwMppP) has
been probed extensively through X-ray crystallography and kinetic studies of the wild-type and 5
15

mutants.25 Orthogonal views of the active site of SwMppP with keto acid of γ-hydroxy-arginine
(1, 4HKA in Figure 16) and PLP are shown covalently bound to the enzyme as the aldimine. The
glutamic acid residue (E15) is hydrogen-bonded to the carboxylate of 1. The hydroxyl of
threonine (T12) is hydrogen-bonded to the guanidine group. The imidazole ring of histidine
(H29) hydrogen-bonds to the hydroxyl of the 1. Water molecules in the crystal structure are
shown as blue spheres and participate in hydrogen-bonding interactions as well. These hydrogenbonding interactions are highlighted in dashed green lines. The hydrogen-bonding of E15 and
T12 appear essential for hydroxylation to occur. In SwMppP with point mutations of these
residues to alanine, formation of 1 was not observed. Without the N-terminus there appears to be
premature hydrolysis of the aldimine, and 1 is not observed.

Figure 16. Active Site of MppP
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The rate of consumption of O2 was compared among SwMppP and its point mutants,
again decreased activity was observed in 4 of the mutants, with E15Q being the only mutant
comparable to the wild-type. Incorporation of 18O from 18O2 into 1 confirmed the oxidase
activity of MppP. The production of H2O2 as a product of SwMppP was assayed by the addition
of catalase, and the amount of O2 generated by catalase is always half that consumed by MppP,
indicating that each molecule of O2 used to oxidize L-Arg is reduced to H2O2.
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2.3 Oxidized Derivatives of Arginine for the Study of Enduracididine Biosynthesis
To further probe the mechanism of enduracididine biosynthesis, we are preparing noncommerically available derivatives of arginine. Originally, γ-hydroxy-arginine 2 was proposed as
an intermediate in the Mpp pathway. The first enzyme in the sequence, MppP acts on arginine to
give the keto acid 1 as its product, 1 goes on to be the substrate for MppR. However, MppP
yields a mixture of keto acids (Figure 14, 1 and 3) in which complete hydroxylation does not
occur at the γ-position, necessitating a chemosynthesis to complement our studies.

Figure 17. Oxidized Derivatives of L-Arg

Given the significance of ketoacid 1 and amino acid 2 (Figure 17) to the biosynthesis of
enduracidin, we set out to prepare one or both of these substances in a cost-effective and scalable
synthesis. Since compound 1 has been prepared from 228 and 13C-labelled 2 has been shown to
incorporate label into Enduracidin,28 we gave highest priority to preparation of 2, but followed a
route potentially leading to either 1 or 2 (Figure 18).

18

Figure 18. Retrosynthetic Analysis

We built the carbon skeleton of the arginines 1 and 2 from a functionalized isoxazoline.
Isoxazolines are known to be converted by hydrogenolysis to imine alcohols, which undergo
either hydrolysis to keto alcohol or further reduction in situ to amino alcohols.29 Our isoxazoline
gives access to a structure with several heteroatoms in one step. Formation of isoxazolines has
been well-investigated by cycloaddition of nitrile oxides and alkenes,29 and more recently
demonstrated with nitro compounds.30

Isoxazolines for the Synthesis of γ-Hydroxy-Arginine
Isoxazolines are formed by the cycloadditions of alkenes (dipolarophiles) with nitrile
oxides (strong dipoles).29,31 The needed highly reactive nitrile oxides are usually formed by
treatment of a nitroalkane with a powerful dehydrating agent such as phenyl isocyanate32 (Figure
19) or by treatment of a halo-substituted oxime with base.31

Figure 19. Nitrile Oxide Cycloaddition
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However, in the case of ethyl nitroacetate a powerful dehydrating agent is not needed:
Machetti reported isoxazolines are formed in CDCl3, but faster in aqueous solution (Figure 20),
though prolonged reaction times are needed in both solvents.30,33,34

Figure 20. Machetti-DeSarlo Reaction
Spontaneous dehydration to nitrile oxide in aqueous solution seemed unlikely. Silyl
nitronates are known to cycloadd intramolecularly to alkenes with subsequent elimination to
isoxazolines, so an analogous mechanism was proposed in water.30 To enhance the rate of
reaction, we tried silylation in organic solvent. In our case, the silyl nitronate was not reactive:
exposure of allylamine and ethyl nitroacetate in CDCl3 with bis-trimethylsilyl acetamide (BSA)
led to silylation, and no further changes were observed by NMR.
Looking more closely at the scope of the Machetti’s reported reactions, no allylamines or
amino-olefins were reported. His group achieved good yields with non-nucleophilic alkenes, and
of those with substituents more complex than alkyl and aryl groups, most substrates were
electron-poor with electron-withdrawing functionalities such as esters and nitrates. During this
time, a model reaction using 4-pentenoic acid to give isoxazoline 4 was also pursued. I
considered that allyl ammonium salts would make more favorable dipolarophiles than allyl
amine and began exploring reaction conditions using allyl ammonium chloride. After making
this change, trace isoxazoline formation was observed for the first time (Figure 21).
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Figure 21. Isoxazoline 5 Machetti Conditions
Base catalysis was investigated thoroughly by Machetti,30 and while they reported
DABCO to promote high yields; we found that there was little difference in rate using other
bases. We screened bases: DABCO, 2-pyridone, and allyl amine as catalysts and found 16%,
29%, and 30% yields respectively when allyl ammonium chloride, ethyl nitroacetate and
10mol% base were heated at 60°C in water for 3 days. Reasonable yields were afforded when
using the conjugate base of our dipolarophile, and its presence simplified purification as it
remains soluble under our trituration and crystallization conditions.
Effect of pH was studied using buffers as well as by varying ratios of allyl amine and its
ammonium chloride. I found a trend of better yield with higher ratio of the ammonium chloride,
but that a minimum amount of base enhanced the rate of reaction. In studies of isoxazoline 4, we
confirmed that pH effected our yields, and that the acidic alkenes were helpful to promote
reaction. Moving forward in the synthesis of 5, the standard procedure became to add 0.1 eq of
allyl amine as a base catalyst.
Counter-ion effect was briefly explored using allyl ammonium chloride and allyl
ammonium tosylate. No preference for an anion was found, both affording yields ranging from
25-35%. Since chloride does not interfere in the 1H-NMR spectra, allyl ammonium chloride was
chosen for simplicity while screening the conditions described below.
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Figure 22. Isoxazoline 5 Condition Optimization
Further progress in optimized yield was achieved through screening temperature,
solvents, concentration, and time (Figure 22). Temperatures of 45-70°C were favorable, and
60°C chosen as the optimum. Less than 1% product was observed without sufficiently elevated
temperature, and decomposition of starting materials observed at reflux in water, ethanol, and tbutanol yielded reactions below 2%. At 60°C H2O was found to be the best solvent; reactions in
EtOH and t-BuOH showed less than 10% conversion by 1H-NMR over the same time period.
Concentrations below 1M of either the ethyl nitroacetate or alkene were detrimental to rate and
yield. Reaction times longer than one week (168h) offered no increase in yield.
Machetti and coworkers had observed an induction period in their reactions34 as did we.
Exposure of ethyl nitroacetate to allyl ammonium chloride and 10% allyl amine in aqueous
solution led very slowly to isoxazoline 5, isolated as the crystalline HCl salt. While direct, this
reaction took several days and led to yields 30-46%, other solvents and conditions working much
less well. At this point in our studies, the Blackmond group published a proposed mechanism35
that accounted for the induction period: she showed a dramatic effect of added nitrite, and
suggested the induction period was due to slow formation of nitrite from the ethyl nitroacetate.
Furthermore, Blackmond demonstrated that 15N-labelled nitrite is incorporated into the
cycloadduct. She proposed several roles for nitrite incorporation, including the elimination of
water in aqueous media proposed earlier by Machetti.30 We have been skeptical of suggestions
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that cycloaddition followed by dehydration is energetically favorable in aqueous media. We
favor Blackmond’s ideas proposed in Figure 23.

Figure 23. Blackmond Mechanism of Isoxazoline Formation
The utility of the mechanism (Figure 23) has allowed better understanding for our
reaction. The conjugate base 6’ of ethyl nitroacetate 6 adds to nitrous acid and loses water to
form the nitro-nitroso intermediate 7 which can be deprotonated to its conjugate base 8. Nitrite is
lost to generate nitrile oxide 9 and regenerate the catalytic cycle of nitrite incorporation. Finally
the cycloaddition of 9 and alkene occurs in an irreversible step to form 5.

Figure 24. Nitrile Oxide Dimer 6a
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I hypothesize that the low yields of my reaction have been due to competition of
cylcoaddition of 9 with itself, giving the undesired dimer side product 6a, Figure 24. Upon work
up, various amounts of 6a have been observed in the 1H-NMR (CDCl3) of the filtrate and on
TLC along with unreacted alkene. Until recently, 6a, had been mistaken for unreacted ethyl
nitroacetate, but an in-house preparation of ethyl nitroacetate that was disrupted by an unknown
contaminant yielding almost exclusively 6a and provided an authentic sample for comparison.
Isoxazoline formation saw no increase in yield by using excess ethyl nitroacetate or by adding
small portions of excess ethyl nitroacetate over the course of the reaction; yield in relation to
ethyl nitroacetate conversion increased when the alkene and ethyl nitroacetate were used in 1:1
molar equivalents. In light of our proposed mechanism (Figure 23), it may improve yield to start
the reaction with a deficiency of ethyl nitroacetate and add more over time to limit concentration
of nitrile oxide in solution, but this has not yet been attempted.

Figure 25. Isoxazoline 5 and Nitrite Catalysis
We added sodium nitrite to our standard isoxazoline procedure and found 50%
conversion of allyl ammonium chloride to 5 within 3h, as determined by 1H-NMR (Figure 25). A
1:1 molar ratio of allyl ammonium chloride to isoxazoline was observed, this was using an
excess of ethyl nitroacetate, as the advantage of lower ethyl nitroacetate had not been well
understood at that time. It is difficult to assess conversion based on ethyl nitroacetate because it
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is only sparingly soluble in D2O, and the product is insoluble in CDCl3. An estimated yield
based on ethyl nitroacetate is 25%. Isolation of 5 is achieved by evaporating to dryness,
trituration in minimal CH3CN, and filtration to give a beautiful white crystalline solid.
Separation of 5 from sodium salts required a new purification procedure, therefore t-butyl nitrite
has been used as catalyst and we were able to isolate comparable yields of 5 after a reaction time
of 24h or less, which under earlier conditions took 120h or more.
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Guanidinylation
The next step in the synthesis of 2 is the addition of the guanidine group (Figure 26). The
guanidinylating agent,36 N,N’-diboc-1H-pyrazole-1-carboxamidine reacts readily with the amine
group of 5 under basic conditions. Et3N is used to convert the 5 to its free amine in situ and this
substitutes the pyrazole to give 80-98% isolated yield of 10 after crystallization.

Figure 26. Guanidinylation
The above reaction was carried out using CH2Cl2 in an effort to simplify the workup, as
10 is purified by crystallization from a mixture of CH2Cl2 and hexanes. However, the reaction is
faster in CH3CN and gives higher yields. The reported range of reaction times and 80-98%
isolated yields takes these solvent effects into account. Complete removal of CH3CN is necessary
for efficient crystallization and high product recovery. Excellent purification of 10 can eliminate
the need for chromatography in the entire synthesis of 2.
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Deprotection

Figure 27. Deprotection of Isoxazoline 10
The deprotection of both Boc groups and the ethyl ester of 10 can be achieved in one
convenient step leading to the deprotected iosoxazoline 11 (Figure 27). Selective deprotection of
10 by saponification in 1M NaOH gives its carboxylate salt; the hydrolysis of only the Boc
groups can be achieved using trifluoroacetic acid with gentle heating.
In the following reduction studies, I have employed the use of isoxazoline 10 and its
deprotected analogue 11. We are ultimately interested in amino acid 2, necessitating the eventual
removal of protecting groups. Reductions of isoxazolines 10 and 11 to arginine derivatives 2’
and 2, respectively (Figure 28), were pursued under a variety of conditions. 2’ can be
deprotected to 2. It is important to note that reactions in pursuit of keto acid 1 are not expected to
withstand deprotection conditions, as elimination of 1’ to 1a is highly likely. Attempts to reduce
and hydrolyze protected isoxazoline 10 to protected hydroxyl ketone 1’ were used as model
reactions, in pursuit of a substrate similar to keto acid 1 that would be compatible with isolation
by normal phase chromatography for the purpose of characterizing 1.
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Figure 28. Deprotection of Reduced Isoxazolines
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Reduction

Figure 29. Divergent Reduction Pathway of Isoxazoline
The general utility of isoxazolines 5’ as building blocks for β-hydroxy ketones 1” and βhydroxy amines 2” is well described (Figure 29).29 The reduction of an isoxazoline proceeds
through two possible intermediates: imine or isoxazolidine. The reduction of the N-O bond of 5’
provides the intermediate imine 5”a, which has been reported under a variety of conditions.29
The pathway is divergent from imine 5”a, as the C=N bond of 5”a is susceptible to hydrolysis37
resulting in 1” or further reduction29 resulting in 2”. Reduction of the C=N bond of 5’ provides
the intermediate isoxazolidine 5”b, which may only reduce further to 2” and has been reported
under Lewis acidic conditions in the presence of NaBH4 or LiAlH4.38
Following the work of Dennis Curran,37 my first efforts were the conversion of
deprotected isoxazoline 11 to β-hydroxy ketone 1. The reaction was carried out under the
conditions shown in Figure 30: 11 was exposed to Raney Ni and boric acid dissolved in a
mixture of hydrous methanol under 1atm H2. By mass spectrometry we observed partial
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reactions of 11 to 1 directly, but found isolation from aqueous media difficult, and focused on
work towards 1’ as we believed this crude product would allow for extraction from water and
further purification by normal phase column chromatography. Conversion of 11 to 1 under
Curran’s conditions were inconclusive; no hydroxy-ketone was isolated for definitive
characterization under variations of this work. Molecular ion +190 (which corresponds to
protonated 1) was detectable by MS, but always in the presence of +187 [11+H]. Due to the
highly polar nature of starting material and product, separation by normal phase chromatography
was not practical.

Figure 30. Curran's Conditions Ineffective
Isoxazoline 10 to β-hydroxy ketone 1’ was first explored by reaction with H2 (g) at 1atm,
Raney Ni, H3BO3 in 5:1 MeOH:H2O (Figure 30). Several attempts at this procedure gave no
observable reaction. Considering the Boc groups and ethyl ester, poor solubility of the reactant
was considered a plausible reason for poor reactivity and several solvents were explored
including ethyl acetate, ethanol, methanol, and mixtures of these solvents with H2O in varying
proportions. Conditions such as additives (H3BO3, CH3COOH, NaBH3CN, to list a few), reaction
times and temperatures were varied using either Raney Ni or Pd/C.
We decided to increase the concentration of hydrogen by generating H2 in situ. Various
sources of hydrogen were then explored, including Et3NH+ HCOO- or NH4+ HCOO- with either
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Raney Ni or Pd/C. These conditions showed no reaction in all combinations of salt and catalyst,
were allowed long reaction times at room temperature and then gently heated. No change was
observed by TLC.
Reducing metals were explored with acids: CH3COOH with Zn,39 and NH4+ Cl- with Fe
(Figure 31).40 The reactions with Zn and Fe resulted in new compounds observed by TLC, but
workup of these reactions isolated primarily starting material. Mass Spectroscopy of crude
product 1’ recovered from conditions shown in Figure 31 revealed ions that correspond to the βhydroxy-ketone, but with varying degrees of deprotection, and was unable to be isolated.

Figure 31. Model of Reduction and Hydrolysis
The presence of both the basic guanidine and labile ester of isoxazoline 10 presented an
unexpected challenge in the synthesis of compounds 1 and 2. The result of screening several
reduction conditions found partial conversion of 10 to 2’ using H2 (1atm), Pd/C, and aq. EtOH.
And it was at this time that we focused our reduction efforts to the pursuit of conditions favoring
the hydroxy-amines 2 and 2’.
Generating hydrogen in situ using triethylsilane and Pd/C gave no reaction, so I increased
pressure of H2 using a Parr shaker apparatus at 60psi. Increasing pressure from 1atm to 60psi
gave better results, under several conditions varying solvent, concentration, time, reactions with
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either Pd/C or Raney Ni reliably gave partial conversion to the amines 2 and 2’, but yields and
conversions could not be reproduced. Using Pd(OH)2/C to generate the active Pd surface in situ
enhanced rate of conversion (Figure 32), 44% conversion was measured by quantitative
ninhydrin test41 and the molecular ion of 2 was confirmed by MS, but these conditions did not
lend well to standard methods of purification, and separation of product from starting materials
complicated further characterization. It is possible that keto acid 1 was formed but not detected
by MS under these conditions as well, complicating resolution of 1H-NMR spectra.

Figure 32. Pd(OH)2/C as Catalyst
My early work hoped to control the reduction of 11 through the use of either hydrous or
anhydrous conditions; difficulty in isolation from aqueous media made the former option a
challenge, and poor solubilty of 11 in organic solvent inhibited the latter (Figures 28 and 32).
We then focused on reduction followed by deprotection; methods for the reduction of protected
isoxazoline 10 in organic solvent to give β-hydroxy amine 2’ were explored extensively, using
several of the methods employed in our studies of reduction of 11.
Kozikowski reported reduction of isoxazolines to β-hydroxy amines in the presence of
NaBH4.38 Reduction of 10 with NaBH4 with Pd/C in EtOH afforded reduction of ester, giving
isoxazoline 12 as the corresponding alcohol (Figure 33). TLC clearly showed a reaction had
occurred, IR confirmed the presence of O-H bond, and MS found +372 ion; our initial hope was
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the formation of lactam 12a, which had potential for use in synthesis toward 2. 1H-NMR, 13CNMR, and HSQC of 12 confirmed its identity; and while this may be an interesting reaction, it
had no synthetic utility for us at this time.

Figure 33. NaBH4 Reduces Ester to Alcohol
Reduction conditions employed in the attempted conversions of 10 to 1’ were tested in
the conversion of 10 to 2’. These reactions were monitored by TLC, using ninhydrin to visualize
amines. When new compounds were detected, they were analyzed by MS and quantified by
ninhydrin.41 The need for positive, negative, and blank controls in ninhydrin quantitation is
necessary when working with guanidinium-containing compounds. Unexpectedly, Bocprotected guanidine reacts with ninhydrin, especially upon long exposure (2 min or more) to high
temperature. Early in my work, several false positives were assumed to be the amine, but were
only ninhydrin-positive due to long development and high heat giving a purplish color change.
In the presence of a free amine the color change takes less than 30 seconds to appear, and is a
vivid violet. In my ninhydrin quantitations, L-Arg was used a positive control and isoxazoline 10
as a negative control. Water was used as a blank control to ensure that no contaminants were
present in the quantitation solutions, as amines are common contaminants in pyridine and we
found it necessary to use distilled pyridine in our quantitation. From these experiments we
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learned that EtOH and 60psi H2 were favored variables, but still did not achieve complete
conversion of 10.
The possibility of the guanidine nitrogens poisoning the catalyst through chelation to the
metal, led me to try reduction conditions in dilute acetic acid. We hypothesized that in mildly
acidic solution (pH 4) the guanidinium moiety would be protonated without hydrolysis of Boc.
The conditions shown in Figure 34 afforded very little of the expected products 2’ or 1’, but
resulted in a new product 13. Low concentration of γ-hydroxy arginine 2’ was evidenced by
ninhydrin quantitation. The mass spectrum showed a base peak of +463, corresponding to 13a,
as well as ions 13b and 13c that indicated loss of Boc groups.

Figure 34. Acetylation of Reduced Amine

When Pd(OH)2/C was used in place of Pd/C, the amino alcohol 2’ was observed to form
quickly, but would reach about 50% conversion and not react further. Our hypothesis was that
nitrogen was inhibiting catalysis was correct, but it was the primary amine of the reduced
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product and not the guanidine itself. Boc2O was added in a one-pot reaction such that the amino
alcohol 2’ was Boc-protected as it formed in the Parr shaker. The combination of 60psi H2,
Pd(OH)2, EtOH in the presence of Boc2O gave full conversion of isoxazoline 10 to a
chromatographable amino alcohol 14 in a single step (Figure 35).

Figure 35. Reduction in the Presence of Boc2O
These conditions are now considered the standard method for reduction and deprotection
of γ-hydroxy arginine 2 from 10: reduction of protected isoxazoline with 60psi H2, Pd(OH)2/C,
Boc2O, in EtOH, followed by flash chromatography, deprotection in 12M HCl and neutralization
with 10% NH4OH (aq) to afford 2 as its monohydrochloride salt (Figure 36). The reduction has
been reproduced with full conversion at 1g scale, and scalable approaches to isolation without
chromatography has been achieved on 100mg scale.
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2.4 Conclusion
Synthesis of γ-hydroxy arginine 2 has been achieved from readily available, inexpensive starting
materials in 4 steps with 40% overall yield (Figure 36). This compares favorably to Yoon’s
earlier synthesis from allyl-glycine (cost $900/g) in 7 steps and 30% overall yield (Figure 15).
However, Yoon’s synthesis is stereoselective, and ours is a diastereomeric mixture. This is
unlikely to hinder future work; oxidation of 2 to 1 has been carried out by L-AAO, and D-AAO
is available.

Figure 36. Synthesis of Oxidized Arginines
The synthesis of 2 can be achieved in a short sequence that is economically and
environmentally friendly. The cycloaddition to isoxazoline 5 is carried out at ambient conditions
in H2O, and isolated by trituration in a minute quantity of CH3CN. Isoxazoline 10 is formed in
high yield and isolated with high purity by crystallization after an efficient organic-aqueous
extraction. 2 has been isolated with high purity by filtering 14 away from catalyst through a
syringe filter with a Teflon membrane and deprotection conditions and evaporation under
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reduced pressure and elevated temperature (75°C) to remove excess Boc2O and its byproduct, tbutanol. This sequence uses “green” solvents when possible and avoids the waste of solvents
and silica gel by sidestepping chromatography in favor of purification by crystallization.
The sequence could be improved by increasing yield of the isoxazoline cycloaddition; to
that end I propose running the reaction in as concentrated aqueous solution allyl ammonium
chloride as allowed that avoids decomposition, and adding ethyl nitro acetate slowly,
maintaining a deficiency of nitrile oxide in solution and increasing its probability to react with
alkene. We have hypothesized that the favorable effects on reaction rate observed in H2O could
be due to limited concentration of nitrile oxide in aqueous solution. The reaction is biphasic, as
ethyl nitroacetate is mostly insoluble in H2O, and we have not attempted to quantify nitrile oxide
concentration in either phase.
There are discrepancies between the NMR spectra of 2 prepared from isoxazoline and a
known standard, this could be due to the formation of a 5-membered lactone or an enrichment of
stereoisomers that differs from the standard.
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2.5 Experimental: 2, 4, 5, 6, 10, 11, 12, 14
γ-Hydroxy Arginine 2

11 (0.1440g, 0.6471mmol) is dissolved in 3 mL H2O (0.2157 M limiting reagent), and 14
mg 20% Pd(OH)2/C is added. This is reacted in the Parr shaker at 60 psi H2 (g) for 72 h.
Ninhydrin quantitation confirms 44% conversion to amine.

Isoxazoline 10 (0.8357 g, 2.016 mmol), 0.88g Boc2O (2 eq), 0.08g 20% Pd(OH)2/C (10%
by mass), and 15mL of EtOH (0.133M limiting reagent) is mixed in a test tube with a glass bead
to ensure good mixing, this is placed inside of a thick-walled bottle and reacted under 60psi H2
using a Parr shaker apparatus for 24h. Complete consumption of 10 is visualized by TLC and
mass spectrum shows high intensity base peak at +519, with no trace of 10. Pd was removed by
filtration with a Teflon syringe filter and concentrated. Protected Hydroxy-Arg 14 (SAO-7-10)
(134mg) was dissolved in 25mL 12M HCl and heated to 75°C with stirring, after 1h it was
evaporated to dryness and then brought to pH 6 by addition of 10% NH4OH to give 2 as its
monohydrochloride salt (SAO-7-13). The NMR spectra of 14 and 2 are attached in the appendix
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at the end of this dissertation. This compound was quite literally identified days before my
graduation and the spectra are not fully understood at this time. We will publishing these
structures. Stay tuned!
Mass Spectrum: H2O/CH3CN mobile phase: SAO-5-96-03.pdf: +192 (2, Base peak), +174, +214
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Isoxazoline 4
3-(3-(ethoxycarbonyl)-4,5-dihydroisoxazol-5-yl)propanoic acid

4-pentenoic acid (0.1mL), ethyl nitroacetate (0.11mL, 1eq intended), 1 mL NaHCO3 [0.03M]
was heated at 60°C for 7 days, then brought to pH 2 before extracting with dichloromethane.
60% yield. 1H-NMR. Characterization data: 1H-NMR (in CDCl3) 300MHz: δ11ppm, (broad s,
1H), 4.883 (m, 1H), 4.352 (q, 2H), 3.320 (dd, 1H), 2.878 (dd, 1H), 2.561 (t, 2H), 1.994 (q, 2H)
1.371 (t, 3H).

13

C-NMR 300MHz: δ177.76, 160.65, 151.48, 82.33, 62.18, 38.64, 29.94, 29.42,

14.13. MS: 215.20 expected, found m/z = 214.2 [M-H]- and 429.3 [2M-H]-.
Isoxazoline 5
(3-(ethoxycarbonyl)-4,5-dihydroisoxazol-5-yl)methanaminium chloride
C7H13ClN2O3 “ammonium isoxazoline ethyl ester” 208.64 g/mol

A solution of allyl amine hydrochloride (0.4963g, 5.31mmol) ethyl nitroacetate (0.6mL,
5.36mmol, 1.01eq) and allyl amine (0.040mL, 0.53 mmol, 0.10 mol eq) in H2O (5mL) was
heated under N2 at 60°C for 7d. Removal of solvent by rotary evaporation at 40°C, trituration of
the solid residue with CH3CN (3mL), filtration and rinsing with cold CH3CN gave 0.4586g
(41%) # as a fine white powder, MP = 205-206°C. SAO-1-26a 1H NMR spectrum in D2O: 1H
NMR Data: δ5.1 (1H, m, J = 6.6 Hz, C5-H), 4.3 (2H, q, J = 7.2, CH2CH3), 3.4 (1H, dd, J =
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11.1, 18; C4-H2), 3.2 (2H, s, NH2), 3.0 (1H, dd, J = 6.6, 18; C4-H2), 1.2 (3H, t, J = 6.9,
CH2CH3). SAO-1-26a 13C NMR spectrum in D2O: δ 161.08, 153.8, 63.33, 36.75, 29.60, 13.16
SAO-5-51 13C NMR spectrum in DMSO-d6: δ 160.31, 152.98, 79.81, 62.03, 41.88, 37.48, 14.45
Rf on TLC: 10% NH4OH/EtOH and silica plates yields Rf ~0.5
Mass Spec: +174
MP: 205-206°C, followed by decomposition, gas bubbles and turning brown.
SAO-5-92 Procedure with Nitrite Catalyst: Isoxazoline 5

Allyl amine (1.4780g, 0.0259 mol) is charged with 25ml 1M HCl, followed by 3.2mL in-house
made ethyl nitroacetate (1.1eq). This is charged with t-butyl nitrite (0.100mL, 3.2 mol %).
Reaction is kept at 60°C for 24h, and then solvent is removed via rotary evaporator to afford
5.26g of waxy solid. This is triturated with 10mL CH3CN and 1.632g of white solid product was
collected for 30% yield from the first crop, decomposition point: 209°C. The second crop
afforded 60mg to bring the total yield to 31%. Yields up to 48% have been obtained at larger
scale.
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Ethyl nitroacetate 6

Reference: US Pat. 5,162,572
Acetic Anhydride (120 mL, 1.27 mol) and H2SO4 (0.3 mL, 18M, 5.6 mmol) were cooled
to 0° C before slow addition (weak exotherm) of ethyl acetoacetate (25.0 mL, 0.196 mol).
HNO3 (70% wt/wt, 13.5 mL) was added very slowly (strong exotherm, must be kept below 5°C)
and stirred an additional 90 min, before dilution into ice-cold EtOH (250 mL) and stirred 10
minutes on an ice bath, then allowed to reach rt overnight. Na2CO3 (2.355g, powdered) was
added and the solution filtered through celite and concentrated. Crude product was distilled
under reduced pressure (80-85° C @ ~4 mm Hg) to yield 19.1897g (73%) of a colorless oil. 1H
NMR spectrum in CDCl3: 6: δ5.18 (2H, 2), 4.33 (2H, q, J = 7.2), 1.34 (3H, t, J = 7.2)
1

H-NMR 6a: 300MHz: δ4.48 (dq, 4H), 1.41 (dt, 6H)
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Isoxazoline 10
ethyl 5-(((2,2,10,10-tetramethyl-4,8-dioxo-3,9-dioxa-5,7-diazaundecan-6-ylidene)amino)methyl)
-4,5-dihydroisoxazole-3-carboxylate: C18H30N4O7
414.45g/mol
Abbreviation/code name: diBoc-guan isoxazoline ethyl ester

Diboc-guandinyl-pyrazole (2.245g, 7.23mmol) is dissolved in CH3CN (15 mL), followed by
Isoxazoline 5 (1.509g, 7.23mmol) and 1.02mL (7.3mmol) Et3N to form a slurry and stirred for
4h-16h. (Improper solution of the pyrazole will cause long reaction times or incomplete
reactions). The mixture was evaporated to dryness, dissolved in 30mL CH2Cl2, and washed with
3 x 25mL H2O. The combined aqueous washes were back-extracted with 25mL CH2Cl2, and
combined organic extracts were dried over Na2SO4 and then evaporated to an estimated volume
of 5mL. Hexanes (50mL) are added until solution is translucent, and then the mixture is cooled
to encourage crystallization, affording 2.718g crystals (91% isolated yield) with MP: 98-100°C.
1H

NMR spectrum:

SAO-1-53c 1H-NMR Assignments: 1H NMR Data: δ11.5 (1H, s, H-bonded BocNH), 8.65 (1H, t,
J = 5.4 Hz, NH), 4.998 (1H, 6tet, J = 3.9, A), 8.71 (2H, q, J = 7.2 Hz, B), 3.82, (1H, dq, J = 3.9,
14.4 Hz, C), 3.58 (1H, 5tet, J = 5.7, 6.0, 7.5 Hz, D), 3.29 (1H, dd, J = 11.1, 18 Hz, E), 2.97 (1H,
dd, J = 7.8, 18 Hz, F), 1.50 (9H, s, Boc), 1.495 (9H, s, Boc), 1.37 (3H, t, J = 7.2 Hz, G)
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Carbon assignments are verified with HSQC (SAO-1-53f) correlation.

13C

NMR number: SAO-1-53e Solvent: CDCl3 13C NMR 300 MHz: δ163.4 A, 160.4 B, 15.7

C, 152.9 D, 151.7 E, 83.5 F, 81.7 G, 79.6 H, 62.2 I, 43.4 J, 36.5 K, (weak signal at 31.6, L, likely
impurity), 28.3 M, 28.0 N, 14.1 O
Rf on TLC: 0.34 in 30%EtOAc/Hexane
Mass Spec: Exact mass 414.21, m/z = 415.5 [M+H]+ ion.
Deprotection: Isoxazoline 11
amino(((3-carboxy-4,5-dihydroisoxazol-5-yl)methyl)amino)methaniminium chloride

10 (0.409g, 0.9mmol) is dissolved in 25mL 12M HCl, stirred at 75°C for 15 minutes and then
evaporated to near dryness, a second portion of 25mL of 12M HCl is added and stirred while
heating for 1 h. Then evaporated to constant mass. 96% Yield (0.210g). MP: 155-156°C.
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Isoxazoline 12
5-(((2,2,10,10-tetramethyl-4,8-dioxo-3,9-dioxa-5,7-diazaundecan-6-ylidene)amino)methyl) -3hydroxymethyl-4,5-dihydroisoxazole

10 (24.1mg, 0.06mmol) is dissolved in 0.71mL EtOH then 2mg Pd/C and NaBH4 (12mg, 6eq)
was added. After 3h, the reaction was evaporated, dissolved in 5mL H2O and extracted with 3 x
5 mL CH2Cl2. 15.7 mg of white solid was obtained, 70% yield.
1H NMR 300MHz δ11.477 (1H, s), 8.544 (1H, s), 4.827 (1H, m), 4.40 (2H, q, J=14.1Hz), 3.754
(1H, dq), 3.520 (1H, dq), 3.133 (1H, dd), 2.876 (1H, dd), 2.3 (2H, broad), 1.484 (18H, s), 1.269
(4H, d). MS: DUIS ionization, positive ion, 373.50 = [M+H]
Boc-Amino Alcohol 14
ethyl 5-(2,3-bis(tert-butoxycarbonyl)guanidino)-2-((tert-butoxycarbonyl)amino)-4hydroxypentanoate

Isoxazoline 10 (0.8357 g, 2.016 mmol), 0.88g Boc2O (2 eq), 0.08g 20% Pd(OH)2/C (10% by
mass), and 15mL of EtOH (0.133M limiting reagent) is mixed in a test tube with a glass bead to
ensure good mixing, this is placed inside of a thick-walled bottle and reacted under 60psi H2
using a Parr shaker apparatus for 24h. Complete consumption of 10 is visualized by TLC and
mass spectrum shows high intensity base peak at +519, with no trace of 10.
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Chapter 3. Artificial β-Sheet for Inhibition of β-barrel Assembly Machine
3.1 Introduction to β-barrel Assembly Machine Inhibition
Two targets we have focused on are the Lipid II and the β-barrel Assembly Machine
(BAM). With the exception of BAMa, which is itself a β-barrel protein,42 all other known βbarrel proteins must be assembled by the BAM complex. Curiously, BAMa is able to fold
spontaneously but also participates in the folding of subsequent BAM assemblies.43

Figure 37. Crystal Structure of BAMa
The β-barrel fold (Figure 37) is common to porins, proteins that span the cellular exterior
and act as pores for the transport of molecules, including antibiotic drugs. As shown in Figure
38, these outer membrane proteins (OMP) are synthesized in the cytoplasm and carried across
the periplasm by a surrogate protein and folded into their final form by BAM.44
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The β-signaling terminus of the nascent OMP is recognized by BAM, it is the recognition
of this region that initiates protein folding (Figure 38).43

Figure 38. BAM Function

Intermolecular protein stability within the cell is influenced by a variety of factors. In the
formation of β-sheets, extended polypeptide strands form hydrogen bonds with adjacent strands
(β-strands); these are crucial factors in biomolecular recognition. β-sheet mimicking molecules
have been used to study intermolecular hydrogen bonding to identify parameters that can be used
to control the formation and specificity of protein-protein interactions.45
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The study of protein β-sheet folding has been an important field in developing drugs to
treat disease. The chief focus on drug development is concerned with binding specificity between
the drug of interest and the target site of an enzyme. Although much knowledge has been gained
in this field,46 scientists are still faced with an enormous amount of complexity within subcellular
environments that often forces re-evaluation of drug design due to the formation of undesired
structures. By synthesizing small molecules that form intermolecular hydrogen bonds, we hope
to be able to elucidate key factors that affect formation of β-sheets.
James Nowick synthesized a small peptide template which recognizes hydrogen bonds
and has sticky edges with self-recognition, forming dimeric pairs resembling the binding in βsheets.47 His work on small chemical model systems has led to the exploration of biological
systems through simple, easy to manipulate synthetic molecules.48 His artificial β-sheets mimic
the structures and binding behavior found in natural proteins. We propose a new small molecule
template which we wish to incorporate into a β-signaling peptide sequence.
We are developing a functionalized peptide derivative of quinolone, with hydrogen
bonding capability for self-recognition. Our model is different from Nowick’s templates in the
following three ways: quinolone contains two aromatic rings, there is a phenol (allowing further
alkylation) instead of a methoxy group, and the quinolone has an additional carbonyl that allows
even further derivatization. Our quinolone has the length of three α-aminopeptides and could
replace three residues of a peptide sequence with a rigid scaffold that is conformationally
restricted, holding hydrogen bond donors and acceptors in β-sheet binding geometry without free
rotation. Incorporating the quinolone into an inhibitory peptide sequence that recognizes and
binds the β-barrel assembly machine may provide a new antibiotic with a new mechanism of
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action that may be antimicrobial itself, or block drug efflux and may allow known antibiotics to
overcome a former mode of drug resistance.

20
Figure 39. Structure and Hydrogen Bonding of Mimics

Inhibition of the β-barrel assembly machine with modified substrate peptides has been
shown to be bactericidal in vivo.49 However, these peptides make poor drug candidates due to
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digestion by proteases. Therefore, we propose inhibition of the β-barrel assembly machine by our
synthetic molecule, which we expect to resist hydrolysis by protease, while mimicking the
interactions of similar peptide sequences.

3.2 Proposed β-Sheet Mimic
The quinolone scaffold 20 (Figure 39) is being pursued through a condensation reaction
(Figure 40) of dimethyl succinyl succinate (DMSS) and L-serine ethyl ester 15 to give enamine
16a, which has been oxidized to its terephthalate derivative 17, and isolated by column
chromatography. In our lab, new enamines and bisenamines derived from DMSS have been of
great interest towards interesting biological mimics; these are readily aromatized and form
stable, colorful compounds. We have isolated and characterized the mono- and bis-substituted Lserine ethyl esters of the aromatized dimethyl succinyl succinate 17a and 17b, respectively. We
have demonstrated model reactions on L-serine ethyl ester to tosylate and eliminate the βhydroxyl to give an olefin that, in our terephthalates can be cyclized via Dieckmann
condensation to yield the desired quinolone with functional groups at positions 2, 6, and 7 for
further derivatization.
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Figure 40. Proposed Synthesis of Quinolone

3.3 Results and Discussion
Our group has made enamines and bisenamines derived from DMSS for a host of
applications. The condensation of L-serine ethyl ester and DMSS has been pursued by several
undergraduates under my mentorship. The selectivity for mono-serine enamine is difficult to
control by stoichiometry alone and requires chromatographic separation from the bis-serine
enamine. Several attempts in recrystallization have proven it is much more convenient to
separate the mono and bis enamines by column chromatography, and both of these products are
interesting substrates for cyclization to the quinolones.
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Complete transamination of both ketones of DMSS presents a challenge in overcoming
equilibrium. We’ve found that the enamine forms quickly, but that complete reaction is limited
by reversible equilibrium (Figure 41).

Figure 41. Reversible Enamine Condensation
To drive the enamine reaction to completion we have explored various methods for the
removal of water. We have tried chemical methods, such as adding tetraethoxysilane to the
reaction mixture to react with H2O as it is formed. We have tried physical methods to remove
water, via the use of a Soxhlet extractor filled with molecular sieves or a Dean-Stark trap.
Putting molecular sieves directly into the reaction mixture was not a good idea, the mechanical
wear on the sieves created a very fine particulate that made the reaction mixture into clay. The
molecular sieves in the Soxhlet extractor were less effective than the Dean-Stark trap, due to low
capacity.
The oxidation of enamine and bis-enamine with Pd/C in refluxing toluene is best
performed on the crude reaction mixture and chromatographed once everything has been
aromatized. We have tried adding Pd/C to the reaction mixture during the transamination as a
way to overcome the reversibility of the reaction, but DMSS oxidizes more readily than the
enamines and won’t undergo substitution once aromatized. The aromatized DMSS, mono
enamine, and bis-enamine are each highly fluorescent and can be identified by their
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characteristic colors. The aromatized DMSS fluoresces a brilliant blue, the mono-enamine is
fluorescent chartreuse yellow-green, and the bis-enamine is a bright orange. Following
chromatography, fractions can be identified by placing under long-wave UV light; TLC used to
verify the purity.
The dehydration to form olefin 19 (Figure 40) has been probed by undergraduates Tye
Seideman and Dan Murphy mentored by Tyler Fenske and myself; Dan Murphy describes his
work in his Senior Thesis under my supervision, and his findings are summarized here.
We currently do not have a standard procedure for the transformation of 18 to 19 but
have tried activation of primary alcohol by carbonyl diimidazole (CDI), phosphoryl chloride, and
tosylation followed by elimination.
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Conclusion
Thus far, our most promising route has been demonstrated by model reactions (Figure 42)
performed by Dan Murphy. The L-serine is esterified following our standard method using
SOCl2 in cold EtOH to yield ester 15, Figure 42. This is converted to free amine with NaHCO3
and Boc-protected in EtOH to give 17’ in 68% yield after chromatography. This reaction was
straight forward and provided ample material to serve as a model compound in our elimination
studies, so the reaction was not repeated or optimized for yield.

Figure 42. Dehydration of L-Serine

Tosyl chloride and pyridine is used in ice cold CH2Cl2 to activate the hydroxyl for
elimination in THF by base. Tosylation was achieved in 43% yield. Reaction conditions and
work up were not optimized in the case of 18’ as tosylation of serine enamine terephthalates has
been demonstrated by multiple students in our lab.
The first attempt at olefin 19’ was with Et3N and CH2Cl2 were tried for the elimination
reaction. Bulky bases were screened to favor elimination over acyl substitution, but none of the
desired olefin product was identified with triethyl amine. Next lithium t-butoxide in THF was
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screened in elimination of 18’ and these conditions gave 19’ in a crude mixture, the methylene
proton signals were identified in 1H-NMR as evidence of this transformation. This sequence has
been carried out without isolation of the final olefin. Further work on this project has been the
focus of Tyler Fenske and Alex Vincent.
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3.4 Experimental: 15, 17a, 17’, 18’, 19’
Synthesis of L-Serine Ethyl Ester Hydrochloride 15

Anhydrous ethanol (85mL) is poured into a 250-mL round bottom flask and chilled in an
ice bath to 0°C. Thionyl chloride (18 mL, 0.248 mol, 5.2 eq) is added dropwise to the ethanol,
followed by 5.0070g L-serine (0.0476 mol, limiting reagent). The flask is fitted with rubber
septum and wired on. The reaction is allowed to stir overnight and gradually come to room
temperature. TLC developed with 4:1:1 n-BuOH: AcOH: H2O and visualized by ninhydrin stain
showed consumption of L-serine was complete. The reaction was concentrated (<10mL) and
product crystallized by addition of ethyl ether (~50mL). The solid was collected by filtration for
97% isolated yield. The compound gave a clean NMR proton spectrum in D2O and MP = 130131°C.
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15: 1H NMR 300 MHz: δ4.29 (2H, q), 4.03 (2H, m), 3.93 (1H, m), 1.29 (3H, t)
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Compound 16a and 17a
name: dimethyl 2-[(1-ethoxy-3-hydroxy-1-oxopropan-2-yl)amino]-5-hydroxy-terephthalate

Notebook page reference: SAO-1-34

Structure:

Formula: C15H19NO8
Equation for preparation:

Å

A solution of DMSS (0.9990g, 4.3mmol), 0.7432g 15, 0.7mL pyridine in 100mL EtOH is
brought to reflux with a Soxhlet extractor filled with molecular sieves to remove water. After
refluxing 1h, 92mg 5% Pd/C is added with 100mL toluene. After 12 hours, the reaction was
evaporated and dissolved in CH2Cl2 and purified by flash chromatography using 10%
CH3CN/CH2Cl2. Isolated yield of 2% afforded enough 17a for its full characterization.
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SAO-1-34 1 H NMR spectrum CDCl3: (Assigned using HSQC data SAO-1-34c) 300 MHz:
δ9.864 (1H, s, A), 7.79 (1H, d, B), 7.609 (1H, s, C), 7.154 (1H, s, D), 4.25 (2H, q, overlaps
with 1H, m, E), 4.00 (2H, m, F), 3.96 (3H, s, G), 3.911 (3H, s, H), 2.191 (1H, t, I), 1.279
(3H, t, J)

SAO-1-34a

13

C NMR spectrum CDCl3: 300MHz: δ171.59, 169.59, 167.62, 151.54, 141.96,

120.20, 118.95, 117.22, 112.28, 62.96, 61.70, 58.53, 52.66, 52.28, 14.18
Mass Spectrum: DUIS:
M+ peak: 342.2 m/z, intensity: 800000
M+1 peak: 343.2 m/z, intensity: 200000
M+22 peak: 364.2 m/z, intensity: 300000

Rf on TLC :Silica TLC plates, Eluent: 10% acetonitrile in dichloromethane Rf = 0.48.
Fluorescent green under long-wave UV.

Yellow-orange solid, MP: 100-101°C
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17’: Boc Protection of L-Serine Ethyl Ester Hydrochloride

L-serine ethyl ester hydrochloride (2.005g, 0.0102 mol) is dissolved in anhydrous EtOH (20mL)
and cooled to 0°C, followed by addition of 4.297g NaHCO3 (0.0512 mol, 2.5 eq). Boc anhydride
(6.21g, 0.247 mol) is dissolved in 15 mL anhydrous EtOH and added via addition funnel. This is
allowed to stir overnight and gradually come to room temperature. The reaction was monitored
via TLC using 4:1:1 n-BuOH: AcOH: H2O and visualized with acidic ninhydrin stain. The boc
protected product reacts with acidic ninhydrin stain and shows a spot with an Rf very near the
solvent front. The reaction mixture was concentrated via rotary evaporator. The crude product
was dissolved in acetonitrile and washed with hexanes, then concentrated and redissolved in
25mL sat. NaCl (aq) and 25mL ether, the aqueous layer was extracted twice more with 25mL
portions of ether. The organic extracts were combined and dried with Na2SO4, the product was
found to be 81% pure, contaminated with excess Boc anhydride, with 68% yield was calculated
from the 1H-NMR spectrum. As this was desired for model reactions for a later elimination step,
the material was used as is.
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18’: Tosylation of N-Boc-L-Serine Ethyl Ester

Crude N-Boc-L-serine ethyl ester (81% pure, 3.31g, 11.5mmol) and TsCl (2.31g, 12,1mmol,
1.05 eq) are mixed together and dissolved in CH 2Cl2 (20mL) and cooled in an ice bath.
Pyridine (1.85mL, 23mmol, 2 eq) was added dropwise via syringe. Reaction was monitored
via TLC with CH2Cl2 as the eluent and visualized under short-wave UV. After 24h, the
reaction mixture was worked up by washing with 2-20mL portions of pH 5 AcOH(aq), 20mL
saturated NaHCO3, and 20mL of brine, and then dried with Na 2SO4. This was concentrated
to a viscous yellow oil and crystallized by allowing stand in the refrigerator for one week.
Pale yellow crystals were collected by filtration and washed with cold hexanes. Crystals had
mass 1.924g, 43% yield with MP = 80-105°C. This material was used in subsequent
reactions as a model substrate and yield and purity were not optimized.
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19’: Elimination of ethyl 2-((tert-butoxycarbonyl)amino)-3-(tosyloxy)propanoate

Ethyl 2-((tert-butoxycarbonyl)amino)-3-(tosyloxy)propanoate (1.5162g, 3.9 mmol) and solid
lithium t-butoxide (97%, 1.525g, 19mmol) were combined and dissolved in 10mL THF. This
was quickly fitted with a rubber septum and N 2 (g) balloon. The reaction was exothermic
and the solution quickly turned brown. (If repeated I would suggest dissolving the ester in
THF and cooling in an ice bath with slow addition of base as a solution.) The reaction was
allowed to stir over the weekend, after which time it was partitioned between ethyl acetate
and water. The organic layer was dried with Na2SO4 and concentrated. The crude 1H-NMR
spectrum showed alkene formation, new signals at δ6.1, 1H, J = 23 Hz and δ5.7, 1H, J = 28
Hz. Note: This reaction was attempted first with Et 3N in CH2Cl2 and no product was
observed.
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1

H-NMR: DJM-1-86 Model reaction, evidence of Olefin 19’
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Chapter 4. Recognition and Reporting of Metal Ions
4.1 Introduction to Metal Sensing
Sensitive detection of metal ions has become an area of intense focus due to the adverse
effect of metal pollutants in the environment and on human health.50 Trace amounts of iron,
copper, manganese, and zinc are essential nutrients; however, metals can form complexes with
biological molecules containing ligating atoms such as nitrogen, sulfur and oxygen. As a result,
enzyme inhibition or changes in protein folding may occur through disruption of hydrogen
bonding or disulfide bonds leading to dramatic consequences.51 Lead contamination in drinking
water is a concern in several American cities, as lead disrupts protein and peptide secondary
structures and leads to developmental disorders in children.52 Accumulation of Zn2+ in the brain
induces amyloid plaque formation seen in Alzheimer’s disease.53 Heavy metals in soil can
accumulate in food, or enter humans directly through contaminated water.
We have focused our efforts in the determination of metal ions in aqueous solution, with
an application for monitoring wastewater. Our general idea has led to patented technology54,55
for continuous measurement of metal ions with a sensor array. This technology has been
licensed by Advanced Chemical Systems (now AquaMetals LLC.) who are interested in Zn2+
remediation, as the Environmental Protection Agency (EPA) has limited Zn2+ to 5ppm (76.5μM)
in water effluent, which defines the sensitivity of sensor needed.
Methods for Metal Quantitation
Complexometric titration, or chelatometry, is an established method of metal quantitation
but it is not suitable for identifying unknown metal ions. In complexation methods, a chelating
agent, such as EDTA, is used in an alkaline buffered solution with a colorimetric indicator.56
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Atomic absorption spectroscopy (AAS) is the standard method for quantitation of free
metal ions in aqueous solution.57 This method requires expensive instrumentation and a specific
hollow cathode lamp (HCL) source for each analyte of interest. Requiring an active human
technician, the AAS method is slow and cannot be used to monitor multiple analytes
continuously in real-time.
Complexation with colorimetric indicators such as fluorescent chemosensors or visible
absorbing chemosensors has been investigated for a large number of applications in metal
quantitation.58,59 For biological purposes, high affinity sensors are needed due to low
concentration and limited sample size of analyte, and fluorosensors have been favored for these
reasons. For biological probing, sensors must be compatible with physiological conditions. Azo
dyes can be bioreduced under physiological conditions,60,61 and have largely been ignored in
recent metal sensing. Azo dyes are less appropriate as intracellular metal ion probes than
fluorosensors, due to the reduction potential of the nitrogen double bond.61 However,
photobleaching, particularly under aerobic conditions, makes oxidation-prone fluorosensors less
robust than azo dyes for our purposes.62
4.2 Sensor Design
The design and synthesis of a sensor array for metal ion identification and quantitation
has been our goal in this long-time collaborative effort. We began our pursuit using arrays of
fluorescent sensors covalenty bound along an optical fiber, distinguishing the output of
individual sensors by optical time of flight.63 However, as we investigated the wastewater
application of interest to our industrial collaborator, we decided the nanosecond timescale and
spatially distributed special features of our patented54 method were not needed, and that
oxidation and photobleaching of fluorescent sensors limits their useful lifetime. In wastewater,
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there is an abundance of analyte and the high degree of sensitivity is not needed, as we are not
limited in sample size. For simplicity and longevity, our focus has moved from fluorescence to
absorbance-reporting chemosensors. Consequently, we chose to investigate UV-VIS absorbance
reporting chemosensors, retaining the covalently bound dyes of the previous scheme.
Several azo dyes are known to chelate metal ions such that they generate a distinct
response in their absorbance profile, typically in the visible range.64 The goal of the research
herein is to develop an array of chemosensors based on the general azo dye structure to allow
highly specific metal ion quantitation from the combined response of many semi-selective azo
dyes. Giving more detailed information in an aggregate response, a complementary array of
sensors allows detailed information to be obtained without necessitating perfect selectivity for
only one specific analyte. Highly selective sensors for such specific identification of metal-ions
are quite expensive due to the need for complex structures. On the other hand, metal-binding azo
dyes have only three primary components and each contributes in the ligation of metal ions; an
electron rich phenol or naphthol variant and an electron poor heterocycle linked by an azo bond
(Figure 42). These highly conjugated sensors absorb light wavelengths in the visible range and
their affinities to metal ions are ideal properties for use in continuous-monitoring system. In a
flow system, very high affinity is a problem for continuous measurement, as the binding event
must be reversible at a reasonable rate. We have pursued azo dyes for access to diverse
responsive structures with elegance in their simple design.65
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Figure 43. Commercial Azo Dyes and Metal Chelation
PAR and PAN are reported metal indicators66,67 and commercially-available. These azo
dyes are reported to coordinate with Zn2+ and other metal ions to form complexes in 1:1 and 2:1
[host:guest] ratios. These two sensors have remarkably similar design and yet they respond with
distinctly different absorbance profiles in the presence of metals. These two dyes are similar in
their selectivity to several metals, and we set out to explore the brilliantly colored world of azo
dyes by experimenting with the chelation geometry of the binding atoms. The three ligating
atoms of PAR and PAN bind metal through two five-membered metallacycles. We sought
binding geometries involving six-membered rings by extending the length of heterocycle,
replacing pyridine-derived structures with quinoline-azo dyes.
Quinoline-Azo-Resorcinol
The primary method for synthesizing azo dyes involves the formation of an electrophilic
diazonium salt followed by coupling to an electron rich phenol in base (Figure 44). The
formation of the diazonium salt is dependent on the nucleophilicity of the heterocyclic aromatic
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amine and its ability to attack the generated nitronium ion and dehydrate to form the diazonium.
The diazonium electrophile attacks electron-rich phenol under basic conditions to produce a
spectacularly colored conjugated system.

Figure 44. Preparation of QAR

Our interest in quinoline-azo-resorcinol (QAR 21) was influenced by the structures of
PAR and PAN. The heterocyclic moiety in QAR affords a new geometry to the metal-cation
ligating site, as the quinoline-nitrogen is further from the azo bond compared to the pyridylnitrogen in the other examples. Quinoline-azo dye is a longer “particle in a box68” than pyridineazo dye and with that we expected longer wave absorption and bathochromic shifts when
complexed to metals; with absorbance profiles that differed from their smaller pyridine based
cousins, and a binding site offering a 6-membered metallacycle, QAR revealed information
complementary to PAR and PAN when bonded to metal ions in solution. There is very little
literature describing QAR; it was first reported in 1969 as a Co2+-indicating dye69 and then
briefly mentioned as part of a combinatorial library in the year 200058 without any further
characterization or analytical data.
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Figure 45. QAR as a pH Indicator

QAR behaves as a pH indicator (Figure 45), like many other azo dyes.70 As such,
understanding its spectral response of various protonation states and its acid-dissociation
constants is important to the application of an absorbance-reporting chemosensor, as any spectral
shifts interpreted as metal-ion binding must not be false positives due to changes in pH. We
were fortunate with QAR, that its three pKa’s (2.4, 6.5, 12.9) do not further complicate our
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spectral analysis, as the pKa’s are far enough away from the pH of the analyte so as not to cause
any spectral interference.
We are interested in the spectral response of QAR to metal cations. In comparison to the
spectral shift observed when PAR binds Zn2+, QAR does not exhibit such a dramatic
bathochromic shift (Figure 46). However, there is a dramatic change in the shape of its
spectrum, which allows measurement of a difference plot, where we can subtract one spectrum
from the other and relate the change in the spectrum to concentration.

Figure 46. PAR and QAR Respond to Zinc

QAR was further characterized by titration with Zn2+ to determine its dissociation
constant. In Figure 46, we observe the spectral shift of the azo dyes with a large excess of Zn2+,
with this abundance of Zn2+ the spectrum is likely of the 1:1 [host:guest] complex.
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Titration of dilute QAR with Zn2+ (Figure 47) found the sensor to bind zinc with in a 2:1
QAR:Zn ratio, with an estimated KD of 0.6μM in solution, calculated by taking the square root of
measured the Keq of a second-order process. Since the EPA limit of Zn2+ is 5ppm, and 1ppm Zn
= 15.3 μM, we can make meaningful measurements within the range of interest.

Figure 47. QAR-Zn Binding Titration
We investigated the spectral response of QAR with other metal cations in a 2:1
[QAR:M+] ratio (Figure 48). Each of the metals elicits a unique response, and while the λmax for
each spectrum may not vary drastically, the shape of the spectrum allows for decomposition of
the aggregate response, by looking at the difference in response at every wavelength.
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Figure 48. QAR Response to Various Metal Cations
Sensor Array
PAR, QAR, and PAN each give varied spectra with metal cations in solution. None of
these chemosensors is especially specific to any analyte, and this is by design. By using a
combination of semi-selective sensors, we can get more information about a mixture of metals
from any given sensor than what can be learned from a single very selective sensor about more
than one metal. The cumulative response of an array of sensors allows determination of several
analytes from a limited number of sensors. We have demonstrated simultaneous determination
of up to 7 metals in solution, using only four azo dye chemosensors.
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4.3 Results and Discussion of Sensors

Figure 49. Sensor Array
The identification of metals can be achieved visually using Figure 49. Note that each of
these substances has one ligating phenolic oxygen and two coordinating nitrogen atoms,
positioned to interact with a metal cation: that interaction is shown with dashed lines.
Solution studies in Figure 49 show that we can discriminate among many transition
metals simply by visual inspection, on exposure of each to these and related sensor molecules.
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For example, PAR responds positively to Co2+, Cu2+, Fe2+, and Pb2+ in a way that is difficult to
tell apart, but when the information from QAR and PAN are combined, an unknown solution that
is pink with PAR and QAR but green with PAN can be identified as Co2+. Cu2+ elicits a
bathochromic shift in PAR and PAN, but not QAR, allowing similar determination.
Each sensor is different: even PAR and QAR, nominally having the same types of
coordinating atoms, are distinct in the aromatic systems that comprise length of “the box” as the
size of their phenol system differs by the length of a benzene ring. Differences in π-π interactions
with the longer naphthol may involve discernment of analytes through selection for preferred
ionic radii or in how their colorimetric response is affected by strange binding conformations;
these differences result in distinct metal binding and reporting preferences. Variance of the
phenolic portion of the azo dye would be expected to primarily change spectral response rather
than radical differences in Kd, as long as the metal-binding phenol group is retained.
The small combinatorial library is the first screening of an array of azo dye (Figure 50).
The heterocylces and phenols were chosen to include what look like unusual ligand geometries,
in the hope that distinctions among metals would be present in the binding behaviors and
differences of colorimetric response to metal ions. In this way, this array differs from the library
of azo dyes reported by Walt58 which has sensors with relatively conservative changes to
coordination geometries.
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The library 50: 1-12 was prepared using the scheme in Figure 50:

Figure 50. Small Combinatorial Library of Azo Dyes
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We claim here a practical approach. The key idea is that a small number of
chemosensors somewhat selective for various ions provide much more specific data in
combination than individually. Rather than simply screening large numbers of substances whose
properties may not vary in significant ways,58 we chose our sensor molecules in terms of metalligating atoms whose nature and geometry affect metal-binding affinity and selectivity. Other
portions of the molecule may be indirectly responsible for metal binding, for example by
geometrically precluding metal ligating atoms from attaining certain positions (steric
interference). The major influence on sensor behavior of non-metal-interactive molecular
regions is on spectroscopic response to that binding. However, as both libraries were made by
the standard acidic diazotization approach, the pyridyl diazonium that would lead to PAR and
PAN was not included.

Figure 51. Screening for Metal Response
The 12 crude dyes were screened for sensor activity with 7 metals: Zn, Co, Hg, Ni, Cd,
Pb, and Mg (Figure 51). The assigned numbers of compounds 50 1-12, correspond to the lanes of
the 96-well plate: Figure 51 1-12. This screening allows discrimination of compounds that
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cannot be prepared by this general method, and allows a quick visual inspection of the behavior
of those azo dyes which were formed successfully by this method. The method is versatile, but
limited in scope, and Trevor Hagemann pursued alternative syntheses to pursue compounds of
interest.
Compound 50-3 did not respond distinctly to metals in the metal screen shown in Figure
51, but was found to be solvatochromic when rinsing out glassware with organic solvent. The
tautomers proposed in Figure 52 may explain the extreme solvatochromic behavior of 50-3,
which at the time of writing this dissertation, was lovingly referred to as QAN-1,5OH (Figure
53).
QAN-1,5-OH (50-3) sensor is solvatochromic: its color in solution varies across the
visible spectrum depending on solvent. More polar solvents tend to blue shift the absorbance of
the dye while the less polar solvents appear to red shift the absorbance of the dye, however this
correlation is not absolute by any means. The 1H NMR spectra of 50-3 for QAN-1,5-OH shows
two singlets in the range one would expect to see a hydrogen bond, thus the red color observed in
CDCl3 is likely the keto-tautomer of QAN-1,5-OH. Compared to its 1H NMR spectrum in a
strongly hydrogen-bonding solvent like DMSO-d6, from the same sample, all of the aromatic
peaks are broadened and no hydrogen bonds are observed. This seems to infer that in polar
solvents, the dye is present in both the enol and keto tautomers at some equilibrium.
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Figure 52. Tautomers of QAN-1,5OH

Figure 53. Solvatochromism of QAN-1,5,-OH

Our chemosensing application depends on covalent linkage of metal sensor molecules to
a stable matrix. The reason for this is two-fold, we are designing a flow cell sensor with direct
contact to moving water and the sensor must not be washed away to prevent loss of signal over
time and ensuring minimal leaching of dye to the environment. Furthermore, attachment of the
sensor through the distal phenols enhances longevity by eliminating a common mechanism of
oxidation. A schematic representation for an instrumental prototype is shown in Figure 54.
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Figure 54. Schematic of Flow Cell Concept
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Covalent Attachment to Solid Support
Two general methods for covalent attachment to solid supports are described here, these
two methods allow attachment to a variety of solid supports through alkylation and acylation.
Methods were developed on cellulose. Cellulose was chosen for its transparency and expectation
to give fair optical transparency as well as its chemical structure. Cellulose is a natural polymer
of D-glucose linked by β(14)-glycosidic bonds. By nature, cellulose is durable and contains
several primary alcohols ready for chemical functionalization.
Functionalization of cellulose was thought to require extensive drying steps for removal
of water from its hydrophilic network. Carbonyldiimidazole (CDI) was to be used for activation
of primary alcohol for further acyl substitution yielding stable carbamates. CDI is destroyed by
water, and to reduce wasted starting materials and give more efficient procedures, water was
removed from the cellulose by dehydration in a Soxhlet extractor. The cellulose was placed
inside a solvent-permeable thimble and cycled several times with CH3CN refluxed over CaH2.
Dehydration by Soxhlet extraction was found to be no better than simply soaking and rinsing the
cellulose in three portions of N-methyl pyrrolidinone (NMP), requiring only as much NMP as
necessary to submerge the cellulose. NMP rinses were much more convenient as they could be
carried out in a centrifuge tube quickly and did not require a complicated glass apparatus or long
reflux times.
CDI was employed to yield an imidazole carbamate receptive to acyl substitution by
(polyethylene)glycol diamines. Carbamates are well-known as stable functional groups and often
employed as protecting groups (Fmoc, Boc, Cbz). The nucleofugality of imidazole facilities acyl
substitution from an activated carbamate to form a very robust covalent linkage to a hydrophilic
polyethylene glycol tether.
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The utility of hydrophilic polyethylene glycol tethers allows for sensors to be attached to
a durable support and extends them away from the surface of the support and into the bulk
solution. Flexible water-soluble polyethers are stable and allow free movement of sensors so that
even when covalently attached to a support, their spectral response to metal ions is comparable to
that in free solution. The polyethylene glycol tethers are derivatized with an amine terminus for
acylation with appropriate function group for sensor attachment.
Acylation by sensors with carboxylic acid moieties are readily attached to the amine
terminus, while acylation by bromoacetic acid provides a route for alkylation of phenolic sensors
by substitution of bromide.
QAR-cellulose is pictured in Figure 55. This sample was prepared from cellulose dialysis
tubing with QAR via the alkylation method from bromoacetylated cellulose. The spectral data
obtained in solution (bottom left spectrum) corresponds nicely to the difference plot shown
above it. The response of QAR-cellulose is clearly visible without a spectrophotometer as
shown in the photo on the top right, but these films scatter light too much to give usable spectra.
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Figure 55: QAR-Cellulose
The covalent attachment of an azo dye chemosensor was achieved via both alkylation and
acylation (Figure 56). The scheme shown in Figure 56 shows how the cellulose has been
functionalized for sensor attachment through complementary methods of acylation and
alkylation. In the alkylation, QAR2Zn 22 is used to protect the metal-ligating oxygen from
alkylation, the Zn2+ can be removed with EDTA, and the derivatized films will become a light
orange color, similar to the color of QAR solutions in the absence of metal ions.
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Figure 56: Preparation of QAN-3A and QAR celluloses
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Figure 57. QAN3A-Cellulose

Covalent-linked cellulose films retain absorbance properties over several months even
when exposed to water, air, and light, they retain intense color. Figure 57 shows QAN3Acellulose strips that have been stored in aqueous solution for nearly 3 years, without loss of dye
or leeching into solution (left). These strips respond to pH and give colorimetric response visible
to the naked eye.
The procedures described on cellulose will allow covalent linkage of any of the azo dyes
that bears a nucleophilic group not involved in metal binding. A somewhat lower metal affinity,
with lesser pH response, would result from the same procedure in the absence of the
preformation of zinc complex: alkylation of phenolic groups in this case is not selective.
For incorporation into other materials and surfaces, another covalent linkage method
involves alkylation of the zinc ion complex of sensor by 4-vinylbenzyl chloride. The product of
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this reaction can be incorporated by free radical polymerization into a wide range of materials,
exemplified here by (polyethylene)glycol diacrylate. The resulting hydrophilic gel, after
removal of zinc ion by treatment with EDTA, is similarly stable and responsive to metals as the
cellulose membrane.

Figure 58. Alkylation of QAR2Zn
Alkylation of QAR to give a functional monomer 23 for polymerization is done using
zinc-complex 22 (Figure 58). The advantage of zinc is two-fold. The Zn2+ functions as a
protecting group for the metal-binding site, so that only the distal phenol is alkylated. The Zncomplex 23 also may serve as a metal template in polymers, holding two sensors in proximity
and with good geometry for binding. This is expected to enhance affinity and could produce
selectivity through size-exclusion favoring the metal-cation used in templating.
Attempts at alkylation of QAR without using the metal-complex were unsuccessful.
Reactions were performed with QAR and K2CO3 or a prepared mono-anionic QAR salt, using
either 4-vinylbenzyl chloride and NaI or a separately prepared and isolated 4-vinylbenzyl iodide,
solvents such as MeCN or DMF (dimethylformamide) had been screened. These reactions
proceeded slowly and gave complicated mixtures by TLC.
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Iodine/iodide appears incompatible with the azo dye, as significant loss of color occurred,
which I propose could be due to reduction of the azo bond (Figure 59). It is speculated that
iodide and iodine may be having an effect on the QAR, possibly through reduction of the N-N
double bond. Also, a red spot that has been present in all alkylation attempts has spontaneously
appeared in the TLC standard of QAR. We hypothesize that this spot is the product of reducing
the QAR.

Figure 59. Proposed Azo Reduction by Iodine

Those reactions which were successful in forming the alkylated product were not
selective for the distal end of the molecule and purification by crystallization and
chromatography were problematic due to poor solubility of the product mixtures. (It has since
been found that very pure QAR may be isolated by simple trituration in boiling MeOH, and
subsequent alkylations will be performed using better quality QAR). However, recently the
dianionic salt of QAR was prepared by mixing QAR with two equivalents KOtBu in MeCN.
This salt was then dried by rotary evaporation and heated and stirred under high vacuum pump.
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Post-polymerization alkylation was achieved on our simple polymers by meslaytion
followed by alkylation. The sensor dye were first formed as a zinc complex to protect the
binding site from modification and then allowed to alkylate with the mesylated hydrogel:
In situ alkylation was achieved by using 4-vinylbenzyl chloride as a monomer and by
replacing a portion of the co-solvent with a previously prepared alkylation solution that
contained the protect sensor dye complex and a base to allow for alkylation on the distal phenols
of the dye molecule (Figure 60).

Figure 60. In Situ Polymer Alkylation of QAR
The more difficult method involves alkylating the sensor dye first to create a functional
monomer (Figure 61). This method is advantageous because it allows for a more controlled
loading of the sensor dye and there will be no additional crosslinking of the polymer. In
comparison to the other methods described, the pre-polymerization alkylation method does not
template the polymer in the 2:1 sensor to analyte ratio. This has a potential effect on the kinetics
of the analyte binding.
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Figure 61. QAR Polymer from a Functional Monomer

Conclusion
A sensor array for the continuous monitoring of metal ions in aqueous solution has been
studied in solution and when covalently attached to solid supports. A generic approach to the
covalent attachment of azo dyes to solid supports has been achieved and implemented in
polymers that are compatible for optic instruments. A prototype flow cell sensor has provided
reproducible response to metals and consistency in cycling with excellent sensor lifetime; several
month.

4.4 Experimental: 21, 22, 23, Derivatized Cellulose
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21: preparation of 4-(quinolin-8-yldiazenyl)benzene-1,3-diol (QAR)

To a stirring solution of 8-aminoquinoline (2.0284g, 14.07mmol) in HCl (40mL 6M) at 5°C on
an ice bath was added NaNO2 (1.0733g in 2mL cold H2O) dropwise until the reaction mixture
gave a positive test on KI-starch paper. The resulting mixture was added dropwise to a solution
of 0.492g resorcinol in 78.5mL of 1M NaOH stirring on an ice bath. After standing overnight,
the solid was isolated by filtration, rinsed thoroughly with cold water, and dried in vacuo.
Extraction of solid in ca. 100 mL boiling methanol, filtration and evaporation gave 0.984g (83%
yield) QAR, MP > 320°C.
1

H NMR (CD3OD): δ 8.866 (dd, j=1.8, 4.2; 1H) δ 8.250 (dd, j=1.8, 8.4, 1 H) δ 7.989 (dd, 2.1,

6.6, 1H) δ 7.613 (m, 1H) δ 7.562 (m, 1H) δ 7.506 (dd, j=8.4, 4.2, 1 H) δ 6.982 (d, j=9.6, 1 H) δ
6.215 (d, j=9.6, 1 H) δ 5.682 (d, j=2.1, 1H)
13C NMR (CD3OD): δ 148.72, 135.56, 134.83, 128.8, 126.91, 123.90, 121.62, 121.32, 116.72,
110.60, 106.
Rf on TLC: 0.43, in 10% MeOH/CH2Cl2

MS: DUIS m/z 266.15[M+H]+; 264.05[M-H]-

22 QAR2Zn and 23 QAR2Zn-Functional Monomer:
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A suspension of QAR (239.3mg) and Zn(OH)2 (36.7mg) in 25mL acetonitrile was heated at
reflux for 24hand then solvent removed by rotary evaporation. To the solid, 0.2968g Cs2CO3 is
added followed by 11mL dimethylformamide (DMF) and 0.14mL 4-vinyl benzylchloride. This
is stirred under nitrogen at room temperature. After 3 hours a fine pale color precipitate is
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observed. The mixture was filtered and most of the solvent was removed by rotary evaporation
followed by vacuum pump. The reaction mixture was dissolved in 50mL CH3CN and washed
with 25mL hexanes. The bright orange CH3CN solution was rotary evaporated to dryness to
yield polymerizable sensor 4-(quinolin-8-yldiazenyl)benzene-3-ol-1-styrene-zinc complex.
Preparation of QAR2-Zn Salt and Alkylation
A separate solution of 85mg QAR and 13mg Zn(OH)2 (0.5 mol eq) was refluxed in 50mL DMF.
A short-path distillation apparatus was used to remove about half the volume of DMF. Cs2CO3
(100mg) was added to the remaining solution and the prepared films were then submerged in
vials containing the QAR solution. These were vortexed and allowed to stand overnight. The
strips were removed from the QAR solution and rinsed with several portions of nanopure water.
(Control strips of untreated tubing were placed in the QAR solution and did not take on the color
of the dye). The treated strips were further treated with ethylenediaminetetraacetic acid (EDTA)
to remove Zn2+ from the final template.
Preparation of: 4-(quinolin-8-yldiazenyl)benzene-3-ol-1-styrene-zinc complex
Notebook page reference: SAO-4-88

Formula:

C49H39N6O4Zn

Abbreviation/code name: QAR2Zn-Sty2
FW: 841.25 g/mol
The mixture was filtered and evaporated by rotary evaporator and vacuum pump, some DMF
remained. The reaction mixture was dissolved in 50mL CH3CN and washed with 25mL hexanes.
The CH3CN is brightly orange colored, and was decanted away from a black tar stayed stuck to
the glass. This was then evaporated to dryness.

91

NMR sample was prepared by dissolving a small quantity in CDCl3 and filtering. The spectrum
obtained was very messy and appeared to contain self-polymerized product. The TLC plate
(mobile phase: 10%MeOH/CH2Cl2, stationary phase: Agela technologies TLC silica, nonfluorescent, pH 5) showed 2 spots: an orange spot with Rf= 0.93, and a yellow spot Rf= 0.83.
The TLC plate (mobile phase: 10%MeOH/CH2Cl2, stationary phase: Silica gel 60 F254) showed
4 spots: a yellow spot Rf= 0.99, a pink spot Rf = 0.92, an orange spot with Rf= 0.88, and a long
orange streak centered at Rf= 0.39.
Cellulose for Method Development

Figure 62. Alkylation of sensor to cellulose
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Preparation of: QAR-functionalized dialysis tube
Preparation of Dialysis Tube:
Dialysis tubing was cut to a width of 1cm and rinsed 3 times with 25mL NMP. The tubing was
placed into a dry centrifuge tube containing carbonyldiimidazole (CDI, 1M in NMP). After 24h,
the tubing was rinsed thoroughly with fresh NMP and then placed in a new centrifuge tube filled
with 25% triethylene glycolamine. Then the tubing was washed thoroughly with dioxane, glacial
acetic acid, and again with dioxane.
The remaining tubing was stored in methyl-2-pyrrolidinone (NMP). The tubing was cut into
1cm slices and each slice was added to 1.5ml solution of hydroxybenzotriazole/N,Ndicyclohexylcarbodiimide/ bromoacetic acid (1M in each in NMP). These films were washed 5x
with dimethylformamide (DMF) and stored in DMF for further use.
Experimental: Alkylation Method on Cellulose

Cellulose dialysis membrane was dried in a Soxhlet extractor with CH3CN refluxing under N2
over CaH2 for several days. The dried membrane was soaked in a solution of 1g
carbonyldiimidazole (CDI) 14mL CH3CN for 48h, rinsed thoroughly with CH3CN, and allowed
to stand in 14 mL 1,5-diamino-3,5-dioxaoctane for 24 h. After thorough rinsing, the membrane
was exposed to 1.5ml solution of hydroxybenzotriazole/N,N-dicyclohexylcarbodiimide/
bromoacetic acid (1M each in N-methyl-2-pyrrolidinone (NMP)). These films were washed 5x
with dimethylformamide (DMF) and stored in DMF for further use.
A mixture of 85mg QAR and 13mg ZnO (0.5 mol eq) was heated at reflux in 50mL DMF, then
distilled to remove about half the solvent volume. Cs2CO3 (100mg) was added to the remaining
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solution and the prepared films were then submerged in vials containing the QAR solution.
These were agitated with a vortex-genie and allowed to stand overnight. The intensely colored
strips were removed from the QAR solution and rinsed with several portions of nanopure water.
(Control strips of untreated tubing were placed in the QAR solution and did not take on the color
of the dye). The treated strips were further treated with ethylenediaminetetraacetic acid (EDTA)
to remove Zn2+ from the final template.
QAN-3A-Cellulose
Acylation procedure: Cellulose dialysis membrane was dehydrated by rinsing with N-methylpyrrolidinone (NMP). The dried membrane was soaked in a solution of 1g carbonyldiimidazole
(CDI) 14 mL CH3CN for 4 hours, rinsed thoroughly with CH3CN, and allowed to stand in 10%
(v/v) triethyleneglycol diamine CH3CN for 24 hours. Azo dye with a carboxylic acid
functionality can be acylated to amine-terminated cellulose, in this example QAN-3A was used.
A solution of QAN-3A with diisopropylcarbodiimide and hydroxybenzotriazole was combined
in a 1:1:1 molar ratio in N-methyl-pyrrolidinone so that the final solution is 0.5 M in each
reactant and adding the solution to the amine-terminated cellulose. QAN-3A was used to acylate
amine-terminated cellulose by making a solution of QAN-3A (0.0082 g, 0.024 mmol) dissolved
in 0.48 mL N-methyl-pyrrolidinone (NMP), this was charged with diisopropylcarbodiimide
(0.024 mmol) and hydroxybenzotriazole (0.024 mmol). The solution was applied to the amineterminated cellulose and allowed to react for 5 minutes before washing with NMP and several
portions of nanopure water.
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APPENDIX: CHARACTERIZATION SPECTRA
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